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Abstract 
This paper examines the model-based design of thermal systems in mobile machines 
with a focus on heat exchanger design.  An industry project is described in which the 
vapor compression cycle for the air-conditioning system was modeled using the 
software SimulationX.  By modeling heat exchanger sections separately, multiple flow 
arrangements could be tested without the need for physical prototypes.  The paper 
presents this work in the context of the full model-based design process including 
extensions for hardware in the loop (HiL) testing of control units and operator training 
using virtual machines. 
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1. Background 
Designing heat exchangers and thermal systems in mobile machines brings with it 
unique challenges since there is relatively limited space to install the heat exchange 
equipment and the machines must be robustly built and functional in extreme and 
changing conditions such as frost or high-temperatures.  Furthermore, each type of 
machine within a series can have different circuits, engines or hydraulic systems, each 
of which needs to be appropriately cooled.  Combining these factors with multiple 
operation modes, such as transport, heavy-work, light-work and idling results in a 
highly complex design process. 
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 Figure 1: Product Development Process in a V-Diagram 
A V-diagram is often used to describe the process of developing complex products 
such as mobile machines.  In a V-diagram, the left side of the diagram describes the 
decomposition and definition of subsystems.  The functional description resulting from 
the definition of requirements is continuously further broken down into systems, 
subsystems and then individual components, eventually resulting in a potential 
implementation of the product.  The right side of the diagram describes moving from 
these individual components and subsystems back into the whole system in a process 
of recomposition and integration.  The end result is a product capable of operation that 
fulfils all of the requirements defined at the beginning of the design workflow.  In almost 
all cases the V-diagram is not a linear process moving from one step to the next, but 
requires multiple iterations between steps to remove errors, for instance in the 
integration of subsystems.  As the design process moves further along to the right of 
the V-diagram it becomes more expensive in both time and costs to fix an error.  For 
this reason many companies focus on frontloading the design process. 
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 Figure 2: Frontloading Design Processes 
The term frontloading refers to moving development effort and investments to steps 
earlier in the design process when relatively little effort is required to eliminate errors 
compared to later steps.  An established method of frontloading a design process is to 
use model-based design.  This paper focusses on the model-based design of the heat 
exchangers and thermal systems in the context of mobile machines. 
2. Introduction and Initial Design 
The design process for thermal systems in mobile machines begins with understanding 
the standard operating conditions that a machine will be used in.  Mobile machines 
differ from stationary machines in that they typically have a wider range of operating 
scenarios that the cooling and climatization systems need to be able to handle.  
Whereas a stationary machine will normally run at or near its nominal condition, mobile 
machines need to be designed for transportation (high power, high air flow), for work 
(high power, low air flow) and for idling (low power, low air flow).  Additionally, the 
climatization needs of the operator introduce additional requirements that need to be 
considered in the design process to ensure power is efficiently available to meet cabin 
heating or cooling demand. 
2.1. Requirements and Calculation of Typical Operating Conditions 
Based on the intended use of the mobile machine, requirements are formulated that 
describe what the machine needs to be able to do, for how long, and in what 
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environmental conditions.  The requirements most relevant to the cooling and 
climatization systems of the machine are the engine power and the environmental 
conditions it will be used in, since these values will determine the dimensioning of the 
thermal systems. 
Entering these requirements into requirement management software is the first step in 
the virtual product design process.  Modern model-based design workflows support a 
close linkage between requirements and structure as demonstrated by the 
development of a braking component for an intercity railway in a joint engineering 
project by Knorr-Bremse Systeme für Schienenfahrzeuge GmbH, ITI GmbH and IBM 
Deutschland GmbH. /1/   
The specification of the main operating conditions of the mobile machine along with the 
percentage of operating time it is likely to be used for each purpose is the prerequisite 
for moving to the next design step, an energy-based analysis of the various systems. 
2.2. Energy-Based Analysis 
Simulation tools able to handle various levels of complexity are well suited to a 
continuous model-based design process.  Initial calculations are intended to determine 
the approximated boundaries of the design space.  For the design of the cooling 
systems this means determining how much heat the engine cooling system will need to 
dissipate based on the engine power for the typical operating conditions.  This enables 
an initial dimensioning of the cooling system components.  The same concept applies 
for the potential heating and cooling loads of the operator cabin and the climatization 
system. 
At this point of the design process a lot of information is still unknown and the 
simulation should be kept simple.  Calculations of the steady-state conditions are 
sufficient.  This process is described using an example from ITI GmbH of the simulation 
of the thermal systems of a hybrid vehicle using the modeling software SimulationX for 
a renowned Japanese automobile manufacturer. 
Although SimulationX is capable of dynamic simulation in multiple physical domains, at 
this point of the design process a signal-based analysis is sufficient to make the first 
calculations regarding system design and component dimensioning. 
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 Figure 3: Sample Diagram of Thermal Flows within a Vehicle 
The simulation of the thermal management of the vehicle was based on a schematic 
provided by the automobile manufacturer.  This schematic provided the basic energy 
flows within the vehicle, for instance the heat flow from the electric motor, generator 
and transmission to the oil cooling circuit and the heat flows from the PDU and engine 
to the corresponding cooling circuits.  Manufacturer and/or measurement data were 
supplied for each of the components.  By incorporating the data as tables within 
custom library elements in SimulationX, an object-oriented approach to the thermal 
management calculation was achieved.   
 
Figure 4: Thermal Map of the Exhaust Heat of a Vehicle Engine 
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 Based on the vehicle operating condition inputs, for example vehicle speed, engine 
RPM, engine torque, etc., initial conclusions could be made about the suitability of the 
components for this particular vehicle at each operating condition.  The simulation 
made it possible to calculate coolant flow rates, air outlet temperatures, and heat flows. 
A signal-based analysis is restricted to steady-state operating points.  In a second step 
the basic dynamics and inertias of the thermal systems were introduced. 
3. Dynamic Modeling 
The calculations of the steady-state operating points represent only part of the picture.  
Just as important for the mobile machine design process are the heat-up and cool-
down phases, as well as the dynamics of the thermal systems in particular in regards to 
the layout and parameterization of the control systems.  For such models it is 
necessary to use component models that contain fluid volumes or thermal capacities.  
The differential equations behind such component models enable the simulation 
software to calculate the rate of change of potential variables.  For instance, the 
differential equation for the temperature in a component model of a thermal capacity 
calculates how quickly the temperature will rise or drop based on a heat flow.  
Likewise, the differential equations in a fluid volume calculate the rate of change of fluid 
pressure and temperature based on mass flows and heat flows.  Dynamic modeling 
can also be split into various levels of detail ranging from consideration of the biggest 
volumes and capacities as described in the next section to CFD and FEM calculations 
where the dynamics within individual components are calculated based on 
discretization meshes.  This paper focuses on system-level dynamics, although the 
interface to CFD calculations is briefly explained in the heat exchanger design. 
3.1. Inclusion of Simple Dynamics 
A second aspect of the project for thermal management modeling of an electric vehicle 
was the calculation of the effects of the most significant fluid volumes and thermal 
capacities.  Each cooling circuit was modeled using two volumes.  The fluid cycles 
were split in such a way that one volume represented the fluid at high temperature 
before the heat exchanger, and the other volume represented the fluid at low 
temperature after the heat exchanger but before the heat source. 
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In addition to the fluid volumes, the most significant thermal capacities were also 
considered.  These included but were not limited to the engine, the transmission and 
the generator. 
The inclusion of simple dynamics into the component models enabled the engineers to 
calculate a thermal balance during drive cycles.  Approximate fluid and metal 
temperatures could be determined and thus initial conclusions drawn as to whether the 
selected systems meet the requirements. 
3.2. System Dynamics and Heat Exchanger Design 
The process of modeling system dynamics and designing heat exchangers using a 
model-based design process is described using an example from industry.  The 
customer request was to create a model of the air-conditioning system in order to find 
the optimal heat exchanger configuration based on the number of tubes and flow 
arrangement.  To check the accuracy of the model, validation data was provided for 
various compressor frequencies.   
An air conditioning system has four main components: the compressor, condenser, 
expansion device and evaporator.  The energy input to the cycle comes in the form of 
compressor input power.  Depending on the design it may be electrical or mechanical 
energy.  Due to the fact that refrigerants exhibit no or only minimal change in 
temperature during phase change, it is possible to store and release large amounts of 
energy in the fluid without requiring large temperature differences.  The physical 
property of fluids that the boiling point changes based on the pressure level makes it 
possible to move this thermal energy from a lower temperature level to a higher 
temperature level using a vapor compression cycle.  A vapor compression cycle can be 
used for either cooling or heating, depending on which heat exchanger is connected to 
the area of interest.  In an air conditioning system the vapor compression cycle is used 
for cooling.  The inlet of the evaporator contains two-phase refrigerant at a low 
pressure and thus low temperature.  Heat naturally migrates from the higher 
temperature of the air from the operator cabin into the refrigerant, which cools the air 
and heats the refrigerant, evaporating it into a gas.  This gas is forced to a higher 
pressure and thus higher temperature using a compressor.  The hot gas enters the 
condenser which is connected to a heat sink, typically the ambient air.  This cools the 
refrigerant, condensing it into a liquid.  The final step in the vapor compression cycle is 
to expand the refrigerant from the high pressure level back to the low pressure level.   
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 Figure 5: Pressure-Enthalpy Diagram of a Vapor Compression Cycle 
The air conditioning system in question used R410A as a refrigerant and had a thermal 
load around 6kW.  The compressor was a fixed displacement piston compressor with 
frequency control.  To model the compressor, the customer provided data for the 
displacement volume, volumetric efficiency and isentropic efficiency.   
Both heat exchangers were fin and tube heat exchangers with five sections connected 
in parallel.  The geometric parameters for the simulation included the tube length and 
inner diameter as well as the number of tubes per section.  The fin thickness and 
spacing was also considered.  Based on these parameters the component models 
were able to calculate the heat transfer area of the heat exchanger.  Depending on the 
selected calculation method, the current heat transfer coefficients both on the 
refrigerant and the air side were calculated from the fluid properties and mass flow 
rates. 
Each of the heat exchanger sections was modeled separately in the system model.  
Since the goal of the project was to determine which changes could be made to the 
design of the heat exchangers to increase the energy efficiency of the air conditioning 
system, the air flow rates through the various sections of the heat exchanger had to be 
considered.  To determine the air flow rates through each section, a CFD calculation 
was done using Ansys in order to obtain a quadratic flow curve for each heat 
exchanger section.  These flow curves were entered into the heat exchanger elements 
of the system model in SimulationX.  This made it possible to calculate the local 
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conditions, e.g. mass flows and temperatures, in each heat exchanger section, and 
thus calculate how much heat was transferred by each section. 
 
Figure 6: Five Heat Exchanger Sections Modeled in Parallel 
To validate the simulation model static operation points were measured for 30%, 45%, 
70%, 75% and 100% of the nominal frequency.  Sensors were installed for pressure in 
the vapor compression cycle at the compressor inlet and outlet, as well as at the inlets 
and outlets of both heat exchangers.  Likewise, temperature sensors were installed at 
the inlet and outlet of the compressor as well as at the inlet and outlet of each heat 
exchanger section.  The measurements were carried out by the customer and provided 
for the validation of the simulation models.  However, the measurement data was only 
suitable for an approximation of the system behavior, since there were detectable 
errors in the temperature measurements.  The measurement errors were visible for 
instance in discrepancies between the pressure in the two-phase region and 
corresponding calculated two-phase temperature versus measured temperature.  
Furthermore, assuming correct measurement data, isentropic efficiencies for the 
compressor greater than 100% would have to have occurred.  The most likely cause 
for the error in the temperature measurements is due to the method.  Temperature 
sensors were fastened on the outside of the copper refrigerant pipes and then covered 
with insulation at that point.  Most likely nearby components or refrigerant flows had an 
effect on the outer pipe and thus sensor temperature. 
Despite the measurement errors, it could be demonstrated that the behavior of the 
simulated vapor compression cycle scaled well with the measured behavior. 
Group K - Fundamentals | Paper K-3 515
 Figure 7: Validation Results of the System Simulation Model 
The challenge in maximizing heat transfer over a heat exchanger is that there is an 
irregular air flow profile within different sections.  The most basic solutions require 
ensuring that the last tubes in the refrigerant flow path are closest to the air entry point.  
Likewise, the first tubes in the refrigerant flow path should be in the row furthest from 
the air entry point. Although fin and tube heat exchangers are in a crossflow 
configuration, arranging the flow path in this way makes it possible to use the small 
counter-flow effect created by multiple tube rows. 
       
Figure 8: Example of Heat Exchanger Sectioning 
 Simulation 
Measurement 
45% 30% 70% 
75% 100% 
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Since heat is transferred most effectively via large temperature differences, a second 
step in improving the flow configuration is done by adjusting the number of tubes per 
section and their connections in order to adjust the refrigerant flow proportional to the 
air flow.  The goal in rearranging the flow path is to achieve a similar outlet temperature 
for all of the refrigerant outlets and as uniform a temperature as possible at all points of 
the outlet air flow area. 
Calculations demonstrated that considering the latent heat of condensation was critical.  
When moist air meets the cold pipes of the evaporator, water vapor condenses out of 
the air and forms droplets on the heat exchanger.  The process of changing phase from 
water vapor to droplets releases energy from the moist air that is transferred via the 
pipe surface into the refrigerant.  This heat transfer is called latent heat and made up 
20% to 30% of the total heat exchange in the evaporator for the recorded validation 
cases. 
The dynamic simulation model enabled the customer to quickly try out different heat 
exchanger configurations, and to calculate the internal workings of the heat exchanger.  
Many more heat exchanger variants could be tested than would have been feasible if a 
prototype was necessary for each flow arrangement. 
4. Controller Design, Code Generation, HiL Testing and Operator Training 
Although not a focus of this paper, it is worth mentioning that the model-based design 
process does not end with the system layout and dimensioning of components such as 
heat exchangers.  In fact, a significant advantage of model-based design is that the 
dynamic models created during early and middle design phases can be reused in later 
design stages such as controller design, code generation, virtual commissioning and 
operator training. 
4.1. Controller Design, Code Generation 
Designing a controller requires understanding the layout and dynamics of the machine.  
This information has already been generated, calculated and organized in the system 
modeling process as described in section 3.2.  Using modeling software such as 
SimulationX it is also possible to describe the functional behavior of a controller using 
typical signal blocks such as integrators, PI, PID, and PT blocks.  The controller model 
connected to the dynamic machine model enables the control engineer to test various 
designs and optimize parameters.  Most importantly, C-code for the controller can be 
exported from SimulationX for use on the PLC.  The full model-based controller design 
process is described in the paper “SimulationX goes BeagleBone & Co.”. /2/ 
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4.2. Hardware-in-the-Loop Testing (HiL) and Operator Training 
An additional level of testing can be achieved using Hardware-in-the-Loop (HiL) 
simulations.  Using this method, a real-time platform serves as an interface between 
the dynamic model of the machine and the real electronic control unit.  The real-time 
platform takes “measurements” from the dynamic model and sends these signals to the 
electronic control unit.  The control unit compares the measurements to operator inputs 
(e.g. from a joystick), processes the information and sends a corresponding actuation 
signal.  This actuation signal is received by the real-time platform and converted to 
input data for the dynamic model.  Since the model represents the physical dynamics 
of the real machine, the controller implementation can be tested at an earlier design 
stage and for extreme situations that may be too dangerous or too expensive to test on 
a real machine.  The same techniques for HiL testing can be used for operating 
training.  Including the real operator in testing processes earlier in the design process 
makes it possible to catch errors and make improvements at a point where it is still 
feasible to do so. 
5. Conclusion and Outlook 
Model-based design represents significant potential for saving time and costs in 
product development by being able to recognize errors earlier in the process and make 
adjustments at an early stage.  This potential was demonstrated using an example 
project from industry.  By using model-based design the customer was able to test 
many more flow configurations for the heat exchangers of an air conditioning system 
than would have been feasible using physical prototypes.  The dynamic models 
created are not limited only to this design step but can be integrated with requirement 
validation, HiL testing of the electronic control unit and operating training using a virtual 
machine. 
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